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Abstract. The rapid expansion of urban areas worldwide is leading to native habitat loss and ecosystem
fragmentation and degradation. Although the study of urbanisation’s impact on biodiversity is gaining increasing
interest globally, there is still a disconnect between research recommendations and urbanisation strategies. Expansion
of the Perth metropolitan area on the Swan Coastal Plain in south-western Australia, one of the world’s thirty-six
biodiversity hotspots, continues to affect the Banksia Woodlands (BWs) ecosystem, a federally listed Threatened
Ecological Community (TEC). Here, we utilise the framework of a 1989 review of the state of knowledge of BWs
ecology and conservation to examine scientific advances made in understanding the composition, processes and
functions of BWs and BWs’ species over the last 30 years. We highlight key advances in our understanding of the
ecological function and role of mechanisms in BWs that are critical to the management of this ecosystem. The most
encouraging change since 1989 is the integration of research between historically disparate ecological disciplines. We
outline remaining ecological knowledge gaps and identify key research priorities to improve conservation efforts for
this TEC. We promote a holistic consideration of BWs with our review providing a comprehensive document that
researchers, planners and managers may reference. To effectively conserve ecosystems threatened by urban expansion,
a range of stakeholders must be involved in the development and implementation of best practices to conserve and
maintain both biodiversity and human wellbeing.
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Introduction
Urban land cover is projected to increase by 1.5 million square
kilometres worldwide, and urban populations rise to 5 billion
people by 2030 (Seto et al. 2011). This growth is forecast to
have high impacts on native species and ecosystems (Hahs
et al. 2009; Seto et al. 2011), making the conservation of
remnant ecosystems within urban matrices critical (McCarthy
et al. 2006; Lawson et al. 2008; Wintle et al. 2019), and the
utilisation of scientific knowledge for informing urbanisation
strategies imperative. In Australia, cities are generally
recognised as hotspots for threatened species (Ives et al.
2016). An example of an urban area undergoing the
challenge of balancing increased urbanisation pressures and
conservation of biodiversity is the metropolitan region of
Perth, Western Australia. Perth is representative of
many cities sitting within global biodiversity hotspots where
rapid urban development has resulted in extensive loss of
native ecosystems.
Perth is located on the Swan Coastal Plain (SCP) in South-
western Australia (see Fig. 1), where the dominant vegetation
community is Banksia woodlands (BWs). The South Western
Australian Floristic Region (SWAFR) in which the SCP sits is
one of only two recognised global biodiversity hotspots in
Australia (Marchese 2015), and one of the world’s five
Mediterranean Climate Ecosystems, which is characterised
by cool, wet winters and hot, dry summers (Cowling et al.
1996). However, a shift in climatic conditions have been
occurring regionally since the 1970s (Bates et al. 2008).
Climate change is a major challenge to the conservation
and restoration of the BWs ecosystem and the species it
supports. Long-term declines in rainfall have occurred since
the mid-1970s, with close to 14% less winter rainfall as of
2004 (Bates et al. 2008) (see Fig. 2), and average temperatures
have risen by 0.15C per decade over the same time period
(Bates et al. 2008; CSIRO and BOM 2015). The warming and
drying trends, and extreme events, throughout the SWAFR
region, together with concurrent land transformation (e.g. land
clearing, habitat fragmentation and increased urban
infrastructure) (CSIRO and BOM 2015) are expected to
drive declines in distribution and diversity of floral
(Fitzpatrick et al. 2008; Yates et al. 2010) and faunal
species (Ruthrof et al. 2018). Some authors highlight that
without intervention, plant extinctions are predicted to exceed
2000 species in South-western Australia, making it one of the
most vulnerable biodiversity hotspots globally (Malcolm et al.
2006). This risk of species loss increases the importance
of the protection and conservation of intact, and restoration
of degraded, BWs areas.
The most severe land transformations on the SCP include
land clearing for agriculture, mining, silviculture, housing, and
associated urban infrastructure. Mapping of remnant BWs has
been conducted at varying spatial and taxonomic scales to help
capture areas most affected and identify fine-scale variation in
BWs species composition. By 2016, between 50 and 60% of
the original extent of the woodlands had been cleared (Fig. 1a)
(Commonwealth of Australia 2016a). Decline in BWs extent is
most profound in the Perth metropolitan area with 72%
estimated to have been cleared (Commonwealth of Australia
2016a). Current rates of clearing are estimated at 0.34% loss
(by area) per year overall, but are much greater in the Perth
metropolitan area, at ~1.2% annually (Commonwealth of
Australia 2016a). In addition to clearing, much remaining
BWs bushland in the metropolitan area is now highly
fragmented (Fig. 1) and degraded, decreasing the
connectivity between remnant patches and increasing the
risk of invasion by introduced species. In 2016, BWs were
listed as a Threatened Ecological Community (TEC) under
Australia’s national environmental law, the Environmental
Protection and Biodiversity Conservation Act 1999 (EPBC
Act) given the overall decline in the system’s geographic
extent, and its highly fragmented and degraded nature.
These threats, and the persistent risks described in the
listing advice make this a critical time to evaluate our
understanding of the structure, composition and functioning
of the BWs ecological community. Ecological communities
comprise multiple ecological processes and species
interactions; however, mechanisms of ecological functioning
are rarely reported in detail within TEC listings (Saunders
et al. 2020). Lack of information on ecological processes
and species interactions can prevent effective conservation
and recovery efforts for TECs (Saunders et al. 2020).
Currently, the primary purpose of clearing is to
accommodate a rapidly expanding urban population.
Thirty years ago, when Perth’s population was ~0.9 million
people, BWs were considered common across the SCP
(Hopper and Burbidge 1989). However, by 2018, the
population had grown 130% (to >2 million people)
(Table 1) and, for example, the clearing of 90 ha of
ecologically significant remnant BWs bushland and adjacent
wetland for transport networks was an issue that differentiated
party political election campaigns at the state government
level (Gaynor et al. 2018). The community response to this
clearing of remnant bushland demonstrates the need for well-
informed debate about the long-term protection, conservation
and restoration of BWs within a growing urban environment.
This paper summarises the scientific understanding of the
structure and functioning of SCP BWs and the threats
facing them and lists research priority actions (Fig. 3).
The last major review evaluating the state of BWs, their
ecology, functioning and ecosystem management occurred in
1989 (Pate 1989), following a symposium held by the Royal
Society of Western Australia. Extensive land transformation,
including habitat fragmentation, plant pathogen spread, and
invasive species proliferation have continued to cause
substantial declines in regional biodiversity (Commonwealth
of Australia 2016b). Given these threats to BWs and the
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species contained therein, we feel it is of critical importance to
review advances in knowledge and science communication
made since 1989. In this review, we have maintained a similar
structure, covering the topics of (1) floristics and weeds, (2)
geology and soils, (3) water relations and groundwater
management, (4) invertebrates, (5) vertebrates, (6) disease,
(7) fire, (8) mining and restoration, and 9) urban development
(Fig. 3).
The 1989 review included two sections omitted from
this review; the impact of horticulture on BWs and forestry
on the SCP. Clearing for agriculture and horticulture has been
noted as mainly a past threat (see ‘Approved Conservation
Advice for the BWs’ in Commonwealth of Australia 2016a).
With regard to forestry, we briefly explore the impacts of
Pinus pinaster (maritime pine) plantations in sections dealing
with water relations and groundwater management, mining
and their association with fauna. We also present a case study
of interactions between species and ecological processes, and
conclude with future directions needed for SCP BWs
research to inform practice and policy development and
provide support for their protection, conservation and
management.
Methods
This review commenced by inviting 33 BWs researchers from
multiple universities and government sectors, to participate by
providing expertise in one or more of the nine listed topics.
Twenty-nine researchers responded and filled out an online
Zoho form (see https://www.zoho.com/forms/, accessed 29
January 2021) to provide a snapshot of peer-reviewed
scientific literature and documents published since 1989, which
was used to guide the review paper structure. The form listed
conservation and research questions posed in the 1989 Banksia
Woodlands Symposium and participants were asked (1) whether
these questions had been answered over the last 30 years through
peer-reviewed publications; (2) where the gaps in knowledge
remain and; (3) what are the future directions in research and
conservation management for BWs (see ‘Banksia Woodland
Review questions’ section of the Supplementary material for
more details). The review was then developed through
workshops, smaller writing groups (all 29 researchers were
divided into groups based on expertise, and charged with
drafting specific sections), internal review and follow-up
meetings to identify the most pertinent information to BWs


























































Fig. 2. (a) Annual mean temperature anomaly (1945–2018) for Perth (Perth Airport bureau station 009021) based on a 30-year climatology (1970–1999)
with a linear trend line shown in black. b) Annual mean rainfall anomaly (1945–2018) for Perth (Perth Airport bureau station 009021) based on a 30-year
climatology (1970–1999) with a linear trend line shown in black. Data taken from Australian Bureau of Meteorology.
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Fig. 3. Banksia woodlands are a complex ecosystem with high biodiversity. This review paper addresses nine main areas of scientific research focusing
on this ecosystem: floristics and weeds, water relations and groundwater management, geology and soils, invertebrates, vertebrates, disease, fire, urban
development, and mining and restoration. The intensity and direction of interactions between these co-occurring themes varies in both space and time, and
is challenged with changes in climate.
Table 1. Australian Bureau of Statistics Census of Population andHousing in 1986, 1991, 2016 and 2018 (Australian Bureau of Statistics 1988, 1993,
2017, 2019), and the number ofWA listed threatened and priority species that are likely to occur in the Banksia woodlands of the Swan Coastal Plain
ecological community listed in Hopper and Burbidge (1989) and under the Wildlife Conservation Act 1950 as of 2015
1986 2018
Persons 895 710 2 059 484
1991 census 2016 census
Persons 1 143 378 1 943 858
Private dwellings 453 076 818 081
Households
Total households 541 817 776 014
Average household size (persons) 2.52 2.55




Public transport (train, bus, ferry, tram) 27 674 5.8% 59 927 6.5%
Car 315 504 65.7% 632 322 68.7%
Bicycle and walk 15 105 3.1% 28 352 3.1%
Bike or scooter 3897 0.8% 4344 0.5%
Other inc. taxi 5709 1.2% 12 947 1.4%
Motor vehicles
Number of motor vehicles 403 413 1 336 394
Total households with 2 motor vehicles 146 515 271 887
Total households with 3+ motor vehicles 55 851 143 518
Number of threatened and priority flora and fauna Threatened or endangered in 1989 Threatened in 2015 Priority in 2015
TaxaB
Flora 3 20 21
Reptiles 2 4
Birds 0 3 2
Mammals 0 4 3
Invertebrates 0 2 8
ATransport method to work using one method.
BSee full species list in Commonwealth of Australia (2016a).
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Topics
Floristics and weeds
The SCP BWs ecological community is a low woodland
dominated (or co-dominated) by Banksia (Proteaceae) trees,
most commonly B. attenuata R.Br and B. menziesii R.Br.,
sometimes with scattered eucalypts and other tree species
present within or above the Banksia canopy. The
understorey is rich in plant species, including sclerophyllous
shrubs, sedges, rushes and geophytes (for the full ecological
community definition see Commonwealth of Australia 2016a).
The TEC listing observes that ‘many understorey species
are locally endemic and most do not occur across the full
range of the ecological community’ and that surveys have
recorded more than 600 native plant taxa (Commonwealth of
Australia 2016a). Banksia woodlands are highly variable in
composition across their range and, as such, the community
provides habitat for many native flora, fungi and fauna, with
remaining patches providing important wildlife corridors and
refuges in a mostly fragmented landscape.
Dodd and Griffin (1989) provided general descriptions of
BWs vegetation and recognised that floristic types, vegetation
associations and their environmental variation had yet to be
determined. Further, they recognised that rare and endemic
flora of BWs had not been fully assessed, with only three
declared rare flora species (all orchids) recognised at the time
(Hopper and Burbidge 1989). The mapping of the BWs
vegetation community is challenging because it is one of
many ecosystems that co-occur in a matrix throughout the
SCP making the extent and number of species contained within
BWs difficult to quantify.
Not long after the 1989 BWs symposium, several floristic
surveys were conducted that encompassed much of the SCP
(Griffin and Keighery 1989; Gibson et al. 1994; Griffin 1994;
Department of Environmental Protection 1996; Government of
Western Australia 2000). Among these, Gibson et al. (1994)
classified floristic data (species presence or absence) from five
hundred and nine 100-m2 quadrats between Busselton and the
Moore River (Fig. 1a) to derive 43 Floristic Community Types
(FCTs), of which 10 FCTs were recognised as BWs types
(Table 2). An extra 613 quadrats were added and analysed in
1996, which identified a further two BWs FCTs on the SCP
(Department of Environmental Protection 1996; Government
of Western Australia 2000); Table 2). Floristic surveys
conducted between Moore River and Jurien Bay on the
northern SCP identified an additional 10 BWs FCTs
(Griffin and Keighery 1989; Griffin 1994), although these
have not been integrated with the southern SCP
classification. In all these surveys, floristic variation across
quadrats was consistently correlated with soil characteristics,
including soil moisture regimes, which are related to depth to
groundwater (Zencich et al. 2002; Groom 2004), and soil type
and age, which is linked to the degree of soil leaching and
available nutrients (McArthur et al. 2004). In total, 20 BWs
FCTs have been identified on the SCP and these form the basis
of current conservation assessments, with 3 presently listed as
TECs and 4 as Priority Ecological Communities at state level
(Keighery and Keighery 2016). The Commonwealth listing
assessed BWs of the SCP and adjoining areas in their entirety
(Commonwealth of Australia 2016a). These adjoining areas
include the Whicher Scarp (south of Busselton, Fig. 4),
adjacent to the southern boundary of the SCP, which has
seven recognised Banksia-dominated FCTs, three of which
are listed as Priority Ecological Communities at the state level
(Keighery et al. 2008; Commonwealth of Australia 2016a).
Although 80 reported threatened flora species occur on the
SCP (see FloraBase of the Western Australian Herbarium at
https://florabase.dpaw.wa.gov.au/, accessed 2 June 2020), it is
not clear how many of these are restricted to or strongly favour
BWs. Keighery and Keighery (2016) reported 20 ‘uncommon’
species that are completely, or mostly, confined to the BWs of
the Perth area, including five threatened and seven priority
flora species under state legislation. The Commonwealth of
Australia (2016a) listed 20 threatened and 21 priority species
‘likely to occur’ in BWs of the SCP, although more research is
needed to clarify the fidelity of these species to BWs
(Table 1). Most (but not all) of the threatened species have
approved conservation advice or recovery plans in place which
includes assessment of their conservation status based on their
known distribution, population sizes, habitat, reproductive
ecology and threats. However, studies into the conservation
biology of individual threatened species are limited, with rare
orchids being the best studied group, especially in terms of
reproductive ecology and population genetics (e.g. Hopper and
Brown 2007; Swarts et al. 2009; Swarts et al. 2010; Menz et al.
2015). Other taxa have received less research attention (e.g.
Stace 1995; Monks 1999; Close et al. 2006; Nield et al. 2009),
with some threatened species, such as Tetraria australiensis
C.B. Clarke (a perennial, tufted sedge) having no published
biological information. Ramalho et al. (2014) observed that
most native species (70%) in 30 BWs sites were only found in
a small proportion of those sites, which is consistent with the
high geographic species turnover known for the SWAFR
(Hopper and Gioia 2004; Jones et al. 2016; Gibson et al.
2017; Tsakalos et al. 2018).
Keighery (1989) conducted the first and only
comprehensive survey of introduced (non-native) plants in
BWs, collating data on the taxonomy, life-form and origin
of 120 naturalised plant species found across 100 sites. The
invasive traits of those species (e.g. rate of spread, degree of
impact, fecundity, response to disturbance), and appropriate
management approaches, were still largely unknown then. In
the 30 years since the compilation of an introduced plant list in
BWs by Keighery (1989), an inventory of introduced species
of the SCP is available through floristic databases (Keighery
et al. 2012). Most of the floristic surveys conducted since 1989
have recorded introduced species presence, and so the list of
BWs exotic flora is likely to be much larger now, but has yet to
be collated. In terms of introduced species abundance,
Ramalho et al. (2014) identified 11 species with 5% cover
in at least one plot; all but two of these species were on the list
of Keighery (1989).
The key drivers of plant invasion in BWs have been
partially investigated, although there is little published
information about the invasive traits of most species.
Ramalho et al. (2014) explored the effects of fragmentation,
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remnant age, herbivory, and proximity to the city centre on
plant invasion. The study indicated that a decline in native
herbaceous species abundance was associated with increased
abundance of invasive introduced herbaceous species
(Ramalho et al. 2014). Similarly, Fisher et al. (2006,
2009a, 2009b) investigated the effects of introduced species
seed bank, fire, and soil nutrient status on plant invasion and
found that invasive species alter the nutrient composition of
soils and create conditions unconducive for native species. The
role of fire in promoting invasion was also investigated by
Milberg and Lamont (1995), Ruthrof et al. (2003), Ruthrof
(2004) and Brown et al. (2016), among others. Ehrharta
calycina Sm. (perennial veldt grass), an invasive perennial
grass originating from southern Africa, is the most serious and
hence best understood of the invasive plants in BWs (Brown
and Brooks 2003). The ability of this species to produce
abundant seed, maintain a large soil seed bank, and quickly
regenerate following fire or other disturbances often within the
first growing season contribute to its competitive advantage
over many native understorey species, with frequent fire
facilitating its progressive domination (Fisher et al. 2009a,
2009b). Additionally, nutrient levels are typically higher under
and within E. calycina plants (compared with natives),
suggesting differences in nutrient acquisition and recycling
(Fisher et al. 2006). Although case studies of successful
management strategies exist (Brown and Brooks 2003),
comprehensive regional mapping of invasive plant species
is lacking, and therefore large-scale conservation efforts are
constrained.
The lack of a comprehensive map of FCTs and species
distribution (both native and introduced) in BWs and a limited
understanding the spatial patterns of b-diversity have
constrained conservation planning efforts on the SCP. Such
information is important for the assessment of individual FCTs
and of TEC threats, particularly in the context of impact
assessment studies, and is also crucial to help guide
prioritisation for integration of new areas into the
conservation reserve network. Conservation of BWs, with
their high number of FCTs and predicted high b-diversity,
requires a network of proximate conservation reserves
Table 2. Details of recognisedBanksiawoodland floristic community types (FCTs) of the SwanCoastal Plain (SCP) as defined byGibson et al. (1994)
and Department of Environmental Protection (1996) for southern SCP; and Griffin and Keighery (1989) and Griffin (1994) for northern SCP
Conservation status as per State (WA) listing (dated 21 January 2019), except where indicated: EN, endangered; CR, critically endangered.
Av. spp. richness, species richness measured in 100-m2 plots




Southern types (south of Moore River)
20a Banksia attenuatawoodlands over species rich dense shrublands 65 Perth metro (Forrestfield, Koondoola), Chittering EN
20b Eastern Banksia attenuata or Eucalyptus marginata woodlands 60 Eastern SCP (Guildford to Harvey) EN
20c Eastern shrublands and woodlandsA 60 Eastern Perth metro (Stratton to Maddington) CR; EN
(EPBC Act)
21a Central Banksia attenuata - Eucalyptus marginata woodlands 52 Gingin south to Bunbury
21b Southern Banksia attenuata woodlands 58 Bunbury to Busselton P3
21c Low lying Banksia attenuata woodlands or shrublands 39 Gingin south to Bunbury (but wetter sites
than 21a)
P3
22 Banksia ilicifolia woodlands 30 Moore River to Pinjarra P3
23a Central Banksia attenuata–Banksia menziesii woodlands 59 Bullsbrook to Woodman Point
23b Northern Banksia attenuata–Banksia menziesii woodlands 47 North of Perth (Regan’s Ford to Wanneroo) P3
23cB North-eastern Banksia attenuata–Banksia menziesii woodlands 53 North-west of Perth (Mogumber to Gingin)
S9B Banksia attenuata woodlands over dense low shrublands 39 North-east of Perth (Regan’s Ford to Ellenbrook)
28 Spearwood Banksia attenuata or Banksia attenuata–Eucalyptus
woodlands
55 Seabird south to Thompsons Lake
Northern Types (north of Moore River)
M Gingin escarpment Banksia woodlands 42 Southern Gingin Scarp (rare)D
N Southern Banksia woodlandsC 49 Namming to Moore River
O Northern Banksia woodlands 48 Cooljarloo to Jurien
P Banksia low woodlands over dwarf scrub 40
Q Mt Lesueur Banksia low woodlands over low or dwarf
diverse scrub
63 Mt Lesueur (rare) D
R Mt Lesueur Banksia low woodlands over low or dwarf scrub 36 Mt Lesueur (rare) D
S Banksia low woodlands over low or dwarf scrub 46
T Central Banksia low woodlands over low diverse scrub 53 Cataby to Moore River (rare) D
V Spearwood Dunes Banksia woodlands over low diverse scrub 52 Cataby to Moore River (rare) D
Y Northern Gingin escarpment Banksia woodlands 44 Northern Gingin Scarp (rare) D
AListed as EPBC ecological community: ‘Shrublands and Woodlands of the eastern Swan Coastal Plain’.
BRefers to types not originally identified byGibson et al. (1994) but added following analysis of extra plots (Department of Environmental Protection 1996).
These additional FCTs are centred on the Dangaragan Plateau (Commonwealth of Australia 2016a).
CAccording to Keighery and Keighery (2016) grades into FCTs south of Moore River (e.g. 23b).
DNot formally assessed but reported as ‘relatively rare’ or ‘highly restricted’ by Keighery and Keighery (2016).
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throughout the SCP, while targeting specific FCTs in order to
represent most vegetation complexes, and threatened flora
(Ramalho et al. 2013). The current model prioritizes
conservation at the city fringe and where urban expansion
is unlikely. The Bush Forever Project (Government of Western
Australia 2000) aimed to create such a network within the
Perth metropolitan area. However, because of development
pressures and high economic land values, most Bush Forever
sites have not as yet been embedded in the conservation
network (Dhakal 2014). Some of these lands have been
partially cleared, and others remain formally unprotected.
Also, offset policies allow the clearing of urban and peri-
urban BWs in ‘exchange’ for land conservation in rural areas
(because of differences in their availability for protection),
although some consider that they are unlikely to conserve the
same floristic assets that are cleared (Thorn et al. 2018).
Priority research
Despite the general understanding that BWs floristic
variation is influenced by regional north–south (climate-
related), east–west (nutrient availability-related), and local
(topography-related) environmental gradients (Commonwealth
of Australia 2016a), three major knowledge gaps are yet to be
resolved:
* The characterisation of BWs species turnover patterns and
relationships with soil or landform.
* Mapping BWs floristic communities as currently understood.
* Consolidation of the huge amount of existing floristic data
available across disparate sources (consultants, academics,
government agencies and community groups) in a publicly
accessible information system that would enable updates
and improvement in classification and mapping over time,
as well as identification of poorly known areas and
communities.
Geology and soils
Semeniuk and Glassford (1989) identified two primary areas as
critical to our understanding of the dune systems of the SCP:
(1) a systematic description of the dunes (landform,
stratigraphy, soils, interrelationships and age structure), and
(2) how these systematic descriptions inform delineations of
vegetation habitats. A few large-scale studies describing dune
zonation based on mineralogical analysis and soil physical
characteristics have been published in the last 30 years
(Bastian 1996; Turner et al. 2018). Three main dune units
are distinguished within the region based on parent sand
deposits: the Quindalup (~5000 years old), Spearwood
(20 000–80 000 years old) and Bassendean (<120 000 years
old) Dune Systems (Fig. 4) (McArthur and Bettenay 1974;
Turner et al. 2018). These three dune systems represent a natural
chronosequence that formed as a result of receding ocean
levels and subsequent dissolution of parent material (Bastian
1996). The SWAFR region is classified as an ‘old climatically
buffered infertile landscape’ (Hopper et al. 2016), and soil
nutrient content, specifically nitrogen (N) and phosphorus (P),
and pH all decline from youngest to oldest dune (Turner et al.
2018).
A critical component of soil research that has emerged since
1989 is the understanding of preferential flow pathways and
hydraulic attributes of surface soils (Salama et al. 2005), which
affect both land and aquifer management. Land management
practices are highly reliant on an understanding of surface soil
properties such as hydrophobicity and seasonal changes in
hydraulic conductivity (Rye and Smettem 2015, 2017, 2018).
Similarly, surface soil hydraulic properties have direct impacts
on aquifer response and water level patterns (Salama et al.
2005), which in turn, are likely to affect vegetation
0 5 10 15 km
Fig. 4. Locations of areas mentioned in this review (1) Boonanarring
Reserve, (2) Yellagonga Regional Park, (3) Gnangara Mound, (4)
Koondoola Regional Bushland, (5) Kings Park, (6) Canning River
Regional Park, (7) Jandakot Regional Park, and (8) Whicher Scarp.
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composition and distribution (see ‘Water relations and ground
water management’).
Distinct ecohydrological habitats are known to be critical to
many plant species (Canham et al. 2009) and vegetation
composition and production is tied to soil properties that
vary across the SCP (Turner et al. 2018). A deeper
understanding of the complex relations between plant
species distribution and soil physical and chemical
properties are therefore vital to the conservation of many
species in BWs. For example, many species are known to
have landform-specific requirements for persistence, such as
dune swale positions that have a shallow depth to the water
table and dune top species that require better drained soils
(Zencich et al. 2002; Canham et al. 2012 and see ‘Water
relations and groundwater management’). Thus, the
consideration and study of the distribution of thin
subsurface clay bands and palaeosols that help increase
water retention and nutrient availability on isolated small
areas is required. The intensity of interactions between
species and plant functional types within a specific
landform may change due to altered soil physical and
chemical characteristics, for example, some dune swales
may have increased nutrient contents due to agricultural
run-off that may affect the spatial structure and species
composition.
Research on soil biology and plant root associations has
greatly increased since 1989. Plant species native to BWs are
known to have numerous root adaptations, growth forms and
complex soil–root interactions related with low soil fertility
(Dodd and Griffin 1989; Lamont 2003). Banksia spp. and most
other Proteaceae spp. around the world are non-mycorrhizal
but have proteoid (cluster) roots that are specialised to ‘mine’
particularly scarce elements like phosphorus and certain
micronutrients (tested by Lambers et al. 2011 in BWs).
Cluster roots also occur in some Fabaceae, and dauciform
roots of Cyperaceae are similar in structure and function.
Mycorrhizal associations between roots and fungal species
are also very common in BWs as a means of acquiring soil
nutrients, especially with increasing time since fire (Pate and
Bell 1999). Mycorrhizal mediated strategies for nutrient
acquisition likely play a critical role in plant–plant
interactions, in particular competition for limited soil
nutrients during periods of high surface soil moisture (Bell
et al. 1995). Similarly, BWs plant species affect the activity
and distribution of soil microbial communities (Marschner
et al. 2005). Throughout BWs, ~20% of woody shrub
species demonstrate strong arbuscular mycorrhizal
associations, whereas ~13% of herbaceous species exhibit
either AM or orchid-type mycorrhizal associations (Pate
1994). Similarly, many species within BWs are known to
have ectomycorrhizal associations that may promote
nutrient acquisition (Lambers et al. 2008). Mycorrhiza
clearly play a critical role in species maintenance and
reproduction, such as the critical link between orchid
germination and mycorrhiza (Bonnardeaux et al. 2007).
However, the distribution, diversity and abundance of soil
mycorrhizal species throughout intact BWs is not well
understood, nor are the spatio-temporal associations
between various soil microbes and plant and animal species,
climate and soil types.
Impacts of disturbance, such as mining and soil nutrient
changes due to agriculture, introduced species and intensified
land use, on microbial species diversity and persistence is
poorly quantified. Birnbaum et al. (2017) found that soil
freshly stripped from intact woodlands suffers large
declines in soil microbial activity that may take
several years to recover. Many species of mycorrhizal fungi
and soil-dwelling biota likely exist in BWs, and their response
to disturbances will likely vary. However, more research is
needed to improve our understanding of the structure and
functioning of soil microbial systems.
Priority research
Many advances in our understanding of BWs soils have
been made, but critical gaps still exist including the following:
* A large regional classification that delineates specific
above and below-ground species composition as it relates
to landform and soil physical and chemical properties is
needed to determine whether certain soil characteristics
are linked with composition and distribution of floral and
faunal species.
* Research on the small-scale patterns of soils within the
chrono-sequence (redistribution of material in recent
times, plant–microbe–soil feedbacks, impact of altered
hydrological wetting cycles and fire regimes) is essential
to understanding plant communities and their species
distributions.
* The study of soil microbial communities in greater depth
by using new methodology (e.g. eDNA metabarcoding), to
enumerate species composition and examine ecological
functioning and responses or resilience to disturbance.
Water relations and groundwater management
The dunal systems that carry BWs have experienced a drying
trend due to reduced precipitation (CSIRO and BOM 2015)
and increased groundwater exploitation (Sommer and Froend
2011). Groundwater levels have dropped 1.8 m between 1998
and 2016 within the Perth metropolitan region (Department of
Water and Environmental Regulation 2019), causing declines
in groundwater dependent vegetation (Froend and Sommer
2010). Over the last 30 years, there has been improved
understanding of the importance of groundwater, including
responses of vegetation to reduced access, and management of
groundwater resources to minimise impacts on vegetation
(Barron et al. 2014; Sommer and Froend 2014; Rohde et al.
2017). Bounded by the Swan River (south), Moore River and
Gingin Brook (north), Darling Scarp (east) and the south-west
Australian coast (west) (Fig. 4), the Gnangara Groundwater
Mound (GGM) is a large sand mound underlying seasonal and
permanent wetlands, pine plantations and extensive areas of
BWs that contains groundwater which supplies the city with
fresh scheme water. (McFarlane et al. 2012). McFarlane et al.
(2012) documented lessons learned in managing groundwater
levels on the GGM, in response to declining rainfall in this
region determined that a multi-agency approach to land and
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water planning is necessary as interactions between land use,
land management, and water extraction became crucial to meet
competing social, economic, and environmental values. The
environmental impact of groundwater extraction has instigated
several studies on water relations of BWs plants, particularly
the tree species presumed vulnerable to altered groundwater
levels. Drying of the vadose (unsaturated) zone due to reduced
rainfall and increased temperature has received much less
attention. Many BWs plant species, including Banksia
spp. in higher landscape positions, do not rely on access to
groundwater (Zencich et al. 2002), and the impact of drying
soils might be crucial for their persistence.
Dodd and Griffin (1989) outlined the seasonal variation in
transpiration of Banksia canopy species, which were positively
correlated with increased evaporative demand (highest in
summer). Since 1989, our understanding of understorey and
overstorey species water utilisation and the interactions of
species within the system has increased, and has progressed
towards understanding differences between species in BWs
and their vulnerability to reduced water availability. Published
studies vary from physiological studies of single plant water
use (Pate et al. 1998), to community responses to groundwater
drawdown by monitoring of long-term sites (Froend and
Sommer 2010). The most studied mass decline in BWs
vegetation (thus far), as a consequence of groundwater
drawdown, occurred during the summer of 1990–1991
(Groom et al. 2000a), which led to a procession of studies
aimed at understanding the BWs vegetation dependency on
groundwater, and response to changes in groundwater
availability (Groom et al. 2000a, 2000b, 2001). Groom
et al. (2000b) was one of the first published cases
correlating mortality in BWs understorey species with depth
to groundwater. Myrtaceous species found at sites of shallow
depth to water table (<1 m) were observed to have the greatest
reduction in population size as groundwater levels declined
(Groom et al. 2000b). At two long-term monitoring sites, high
rates of drawdown (50 cm year1) resulting from groundwater
abstraction and drought caused rapid changes in BWs floristic
composition, reflected in a 33% dissimilarity to pre-abstraction
floristics over 12 years (Froend and Sommer 2010). Slower
water table drawdown (9 cm year1) caused a more gradual
change in floristic composition over 33 years (Froend and
Sommer 2010). The predominant biophysical driver of shifts
in the BWs floristics was depth to the water table, and these
shifts were more often a result of reduction in the abundance of
more susceptible species and increases in more drought-
tolerant ones, rather than by replacement over the study
period (Froend and Sommer 2010).
Several studies (Zencich et al. 2002; Veneklaas and Poot
2003; Groom 2004; Froend and Sommer 2010; Sommer and
Froend 2014; Muler et al. 2018b) have highlighted species
differences in water use patterns relating to rooting depth
relative to groundwater depth. Understorey shrubs with
relatively deep roots (e.g. Adenanthos cygnorum Diels,
Eremaea pauciflora (Endl.) Druce and Stirlingia latifolia
(R.Br.) Streud.) can be dependent on groundwater where
accessible (Groom 2004). They are likely to be affected by
declining groundwater in these areas, especially where
drawdown is rapid. However, shrubs with shallow roots
take up water from the unsaturated zone and therefore
are sensitive to site water balance (mainly determined by
rainfall and evaporation conditions rather than changes in
groundwater). Muler et al. (2018a), identified five plant
functional types based on differences in water relation traits
between fifteen common, dominant BWs species on the GGM
adapted to summer water deficit stress, highlighting that
species without deep and extensive root systems that may
or may not provide access to groundwater require high levels
of drought tolerance. The five functional types identified were:
species with leaf dehydration adaptations (group A), drought
tolerator species (group B), species with intermediate values
(group C), deep-rooted species without a water table (group D)
and deep-rooted species with water table present (group E)
(Muler et al. 2018a). However, variations in microclimatic
conditions due to altering vegetation structure throughout BWs
and interannual variation in climatic conditions may make the
strength of traits used to define the five functional groups vary
both spatially and temporally (Veneklaas and Poot 2003) as
well as plant phenotypic plasticity to a changing climate
(Muler et al. 2018a).
The importance of groundwater for deep-rooted overstorey
Banksia spp. during dry summer months was first
demonstrated by Pate et al. (1998) using stable isotopes.
The seasonal importance of groundwater varies spatially
with habitat type: Banksia trees use more groundwater in
summer if it is within reach of their root system (Zencich
et al. 2002). Veneklaas and Poot (2003) concluded that deep-
rootedness allows dominant Banksia spp. to access soil
moisture throughout the entire soil profile, in contrast with
shrubs and herbs with shallow roots that experience greater
drought stress during summer in BWs and only have access to
surface soil moisture. Froend and Drake (2006) provided
physiological confirmation that BWs tree species occurring
in drier (higher) parts of the dunal landscape are less
vulnerable to drought. Canham et al. (2009) expanded these
insights reporting that in wetter parts of the landscape, there
were no between-species differences in vulnerability to water
stress (for the key canopy species: B. attenuata, B. menziesii,
B. ilicifolia R.Br. and B. littoralis R.Br.). However, species
with broad ecohydrological ranges (B. attenuata and
B. menziesii) were more resistant to drought when growing
at dune crest sites due to acclimations to periodic dry downs,
than species at wetter sites with shallow groundwater, such as
B. ilicifolia and B. littoralis, which are restricted to sites with a
shallow water table.
Reduced soil water availability not only decreases
transpiration rates, but also causes foliage temperatures to
increase more than air temperatures. Bader et al. (2014)
found that extreme spring temperatures preceded the
mortality of B. menziesii, suggesting a temperature- or
humidity-related threshold, and thus warmer and drier
conditions associated with climate change in the future may
result in increased plant mortality. High mortality during
drought has also been reported in a seedling experiment of
B. attenuata, B. menziesii and Eucalyptus todtiana F.Muell.
over multiple drought events (Benigno et al. 2014) and in
larger B. attenuata and B. menziesii trees following drought
(Challis et al. 2016).
62 Australian Journal of Botany A. L. Ritchie et al.
The importance of understanding ecohydrological
processes that support vegetation and fauna habitat is
critical in the face of a drying climate. Burgess et al.
(2000) demonstrated hydraulic lift by B. prionotes roots in
response to gradients in water potential from high to low water
content across soil strata, which suggests that deep-rooting
overstorey Banksia have the potential to create ecologically
important hydrological conditions in shallow soil. Increasing
surface soil moisture through hydraulic lift of groundwater by
overstorey species may provide improved conditions for
understorey species and facilitate their survival and growth.
Evidence for the indirect use of redistributed groundwater by
understorey plants exists in the context of ecological
restoration, but the mechanisms behind these interactions
remain unclear and are likely to be complex (Muler et al.
2018b). For example, evidence suggests phreatophytic
Banksia spp. provide a benefit to seedlings until water
becomes limited in late summer (Muler et al. 2018b).
Management interventions to prevent vegetation change or
restore original floristics of BWs are considered extremely
difficult after ecohydrological habitats have passed a critical
threshold. Assessments of alternative vegetation states for
BWs were identified over a multi-decadal drying of the
Mediterranean-type BWs landscape (Sommer and Froend
2014). Plant community composition varied across a range
of groundwater depths suggesting that as groundwater depth
increases, the degree of habitat specificity decreases. Over a
35-year period, the composition and structure of vegetation
was consistent in spite of progressive increases in depth to the
water table. However, the narrow range of groundwater depths
defining discrete states suggests small changes in water table
depth may cause rapid shifts to alternative vegetation states,
which will likely be exacerbated by a continued drying trend.
Understanding ecohydrological processes in water-limited
BWs requires consideration of temporal and spatial vegetation
patterns of water use. On the GGM, understorey
evapotranspiration was considered a major component of
the water budget of BWs and therefore an essential
influence on recharge to the aquifer (Farrington et al.
1989). To increase aquifer recharge it was agreed in the
early 2000s that pine plantations on the mound would be
progressively removed (McFarlane et al. 2012). Farrington
et al. (1989) suggested that a reduction in understorey cover,
potentially through a controlled burning program, would keep
evaporation rates of the ground flora at a low level, and
possibly allow groundwater recharge rates to increase and
raise water tables. However, the relationship between
vegetation and evaporative loss are likely more complex.
For example, a recent assessment of the spatial and
temporal variability in evapotranspiration using remotely
sensed data across northern BWs by Sommer et al. (2016)
showed vegetation in shallow groundwater habitats had higher
evapotranspiration rates during the growth season (spring and
summer) than in deeper groundwater habitats, suggesting that
the former was not physiologically constrained by water
deficit. Inter-annual variability in actual evapotranspiration
correlated with rainfall and, during low rainfall years,
peaked one month earlier relative to higher rainfall years.
Therefore, remote sensing can give an indication of where
groundwater is supporting BWs and thus may be a valuable
tool in identifying areas of high conservation value.
Priority research
Groundwater extraction and climate change will likely
continue to exert significant pressure on water availability
to BWs vegetation. Despite the surge in studies on BWs
vegetation water relations and response to changes in water
availability, more information is needed on:
* Soil–plant–atmosphere interactions that would inform water
availability for vegetation and groundwater management
models.
* Identification of management triggers to mitigate threshold-
type responses in vegetation.
* Resilience and restoration of ecohydrological habitats
(e.g. increased understanding of plant–plant interactions
through time).
* Interactions between water deficit, fire, weeds, and other
ecological pressures.
Invertebrates
Majer (1989) reviewed the available literature of invertebrate
fauna of BWs and highlighted that there were few published
studies. He suggested that there were differences in the
invertebrate fauna of BWs compared to adjacent vegetation
types and there were likely to be species endemic to BWs
(Abbott 1982; Rossbach and Majer 1983; Majer 1989).
Negative effects of fragmentation, land clearance and habitat
modification on composition and persistence of BWs
invertebrate communities were highlighted with urbanisation,
weeds, and the frequency and season of fire identified as major
threats (Majer 1989).
A census of the invertebrate fauna throughout BWs has not
been conducted. Invertebrate studies since 1989 have largely
been functionally not taxonomically focused. Examples of
functional studies are the role of invertebrates as pollination
vectors for specific plant species (Newman et al. 2013; Phillips
et al. 2015), ants as indicators of disturbance (Burbidge et al.
1992), and changes in butterfly and moth assemblage as a result
of fragmentation (e.g. Dover and Rowlingson 2005; Williams
2009; Williams 2011). Arachnids have been largely studied in
BWswith regard to their interactionwithfire (Mason et al. 2019)
and weeds (Mason et al. 2016, 2018b).
The effects of habitat fragmentation andother disturbances on
invertebrate communities are complex and likely to differ
between invertebrate species and biogeographic associations
(Harvey et al. 1997; Williams 2011; Newman et al. 2013;
Phillips et al. 2015; Mason et al. 2016). Habitat fragmentation
has been linked to declines in species diversity, with larger
reserves containing a greater diversity and species richness of
rare species of butterflies and day flying moths than smaller
reserves (e.g. butterfly Ogyris idmo in Koondoola bushland;
Williams 2009, 2011). In addition, edge effects associated with
fragmentation are known to affect thynnid wasp persistence
(genera Zaspilothynnus) (Newman et al. 2013) whereas
predation of mygalomorph spiders (genera Aname and Teyl) is
significantly influenced by the proportion of surrounding
parkland (Mason et al. 2018a). Likewise, plant host species
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density affects butterfly species persistence within remnants
(Williams 2011). A study of butterflies in BWs found 13 taxa
now primarily use exotic plant species as hosts in and around
urban fragments (e.g. butterflies Vanessa kershawi often breeds
on widespread capeweed, Arctotheca calendula (L.) K.Lewin
and Geitoneura minyas on Ehrharta spp.) (Williams 2009).
Burbidge et al. (1992) found that ant species that preferred
litter cover and were solitary foragers were indicative of
larger, undisturbed BWs sites. Conversely, Dover and
Rowlingson (2005) found that western jewel butterflies
(Hypochrysops halyaetus) preferred degraded areas within
high quality BWs due to foraging and roosting behaviours.
The abundance of trapdoor spiders (Nemesiid spp.) in BWs
was negatively correlated with the presence of invasive
perennial veldt grass and rabbit disturbance (Mason et al.
2016). Each of these studies highlights how changes in these
woodlands can influence invertebrate abundance anddistribution.
Recent research by Phillips et al. (2015) has highlighted
the significant impact that specialist invertebrate–plant
relationships can have on plant species persistence in BWs.
The small form of thynnine wasp (Macrothynnus insignis), has
a specialised pollinator relationship with the once more
common orchid, Caladenia huegelii Rchb.f. The decline of
this thynnine wasp in fragmented BWs is contributing to the
increasing rarity of the orchid, and the species is now facing an
almost complete loss of pollination services (Phillips et al.
2015). Many of these relationships remain undocumented or
studied.
Changes to disturbance regimes and quality of habitat also
affect invertebrate populations. For example, mygalomorph
spiders are less abundant in BWs after high intensity fires as
compared to low intensity fires (Mason et al. 2018b). Most
invertebrate taxa are approximately half as abundant in the
first year after fire than in areas unburnt for 22 years
(Bamford 1992). By contrast, ants are extremely abundant
in the first few years after fire, with lower and slightly
declining levels of abundance more than 4 years after fire
(Bamford 1992).
Not discussed in 1989 was the presence and condition of
subterranean fauna communities within underground aquifers
under the SCP. Studies of stygofauna in Western Australia
began in the early 1990s (e.g. Knott 1993), including surveys
of the GGM (see ‘Water relations and groundwater
management’) (Knott 1993). Nearly all stygofauna found in
Western Australia are invertebrates, mostly crustaceans,
though a few larger vertebrate species are also found
(Humphreys 2006; Halse 2008). Underneath BWs, the
GGM feeds the threatened ecological communities of
stygofauna found within the Yanchep caves. These
communities contain high levels of diversity, with each
cave containing 30–40 species, compared to a global
average of 6 species (Jasinska et al. 1996; English et al.
2003). At least 100 species of fauna are known from these
six caves, including 6 Gondwanan relics (English et al. 2003).
These communities are threatened by drought, climate change,
increased groundwater use, and land clearing altering
hydrology. Most species are unable to survive if their
aquifer dries out, for example, when the stream in Gilgie
Cave dried out in 1996 no fauna survived, and levels of
recolonisation have been extremely low (English et al.
2003). Although our knowledge of the stygofauna
communities found beneath BWs has grown over the last
30 years, we still lack a basic understanding of their
biology, ecology, and management.
Over the last 30 years, we have increased our understanding
of the functional role that invertebrates play in BWs. Despite
this, there are still major gaps in our understanding of
invertebrate biology, and their interactions with other
species within BWs. Although some invertebrate taxa have
been investigated in some detail (e.g. moths, thynnine wasps,
trapdoor spiders), many taxa have been poorly studied. For
many threatened and non-threatened invertebrates, their
management requirements are largely unknown (Braby
2018). Knowledge of their identity, abundance, diversity,
distribution, fidelity and reliance on BWs is essential to
their conservation. Although this is not a problem unique to
BWs, initial studies would suggest BWs are home to several
endemic or short range endemic invertebrate species, some of
which are likely to be threatened (Abbott 1982; Mason et al.
2018b). Similarly, the role of invasive invertebrates (e.g.
Portuguese millipede (Ommatoiulus moreletii), European
house borer (Hylotrupes bajulus) and European honeybee
(Apis mellifera) and their impacts on both native plant and
faunal species is largely understudied, though likely has
consequences for ecosystem functioning.
Priority research
Information on BWs invertebrates is severely deficient,
research areas where more information is needed include:
* Conducting a census of the BWs invertebrate fauna to gather
basic information about their identity, abundance,
distribution, fidelity, function and reliance on BWs.
* Understanding of invertebrate biology and their interactions
with other species in BWs.
* Improving our understanding about how we can manage
threatened and endangered invertebrates, including
stygofauna communities found beneath BWs.
* Improving our understanding of invasive invertebrates
and their impact on native and endemic species as well as
their impact on the BWs ecosystem.
Vertebrates
How and Dell (1989) highlighted that although BWs
amphibian, reptile and bird communities had been relatively
resistant to anthropogenic impacts, mammal communities had
been severely affected, with many species locally extinct.
They also noted negative effects of weed invasion on
reptiles, without citation, and mentioned the lack of
knowledge of BWs bat communities (How and Dell 1989).
Much research has been conducted on BWs vertebrate
communities since 1989; however, many knowledge gaps
remain. Taxonomic work has clarified the species status of
some reptiles that occur primarily in BWs (Kay and Keogh
2012; Doughty and Oliver 2013). Knowledge of finer-scale
distributions of mammals, birds, reptiles and frogs has
increased, due to research conducted for the Gnangara
Sustainability Strategy (Bamford and Huang 2009; Davis
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2009a; Valentine et al. 2009) and in urban remnants within the
Perth metropolitan area (How and Dell 1994, 2000; How 1998;
Davis et al. 2013). This research confirmed the dire state of BWs
mammal communities (Wilson et al. 2012). It also highlighted
that reptile and frog communities, while more resilient to
anthropogenic threats, are also susceptible to fragmentation,
with remnant woodland size and species richness positively
related in all groups except skinks and frogs (How and Dell
2000).
Frogs and reptiles
Frog populations have been found to be reasonably resilient to
the impacts of fire, although the abundance of two species
(western banjo frog, Limnodynastes dorsalis, and the turtle
frog, Myobatrachus gouldii) was positively related to time
since fire (Bamford 1992). A study of the responses of frogs to
hydrological changes as a consequence of reduced rainfall,
highlighted a range of responses from ‘unlikely to be affected’
(M. gouldi), to ‘likely to be severely affected’ (Glauert’s frog,
Crinia glauerti, and Günther’s toadlet, Pseudophryne
guentheri) (Bamford and Huang 2009). A study of genetic
variation in the frog M. gouldi found low genetic divergence
between populations (Vertucci et al. 2017). Similarly, weak
population genetic structuring for the scincid lizard, Ctenotus
fallens, suggests historically high levels of connectivity among
recently fragmented urban populations (Krawiec et al. 2015).
Our understanding of the distribution of BWs frogs is still
limited, and deserves greater attention.
Fire is suggested to be the biggest threat to remnant BWs
reptile communities, particularly those in small, unconnected
fragments (How and Dell 2000). Although reptiles have a
range of post-fire responses (Valentine et al. 2012; Davis and
Doherty 2015), generally, the rarest species have been found
only in long unburnt sites. This suggests that, although reptile
communities typically recover rapidly (<3 years) post fire
(How and Dell 2000; Davis and Doherty 2015), the
retention of long unburnt habitat remains critical for reptile
conservation in BWs (Wilson et al. 2014). There are four
Australian squamates (lizards and snakes) found primarily
in BWs (Ctenotus ora, Lerista lineata, Diplodactylus
polyophthalmus and Neelaps calonotus) that were classified
as threatened using the IUCN Red List during a recent
assessment of all reptile species by Tingley et al. (2019).
However, three of these species are currently listed as WA
Priority 3 fauna (Ctenotus ora, Lerista lineata, and Neelaps
calonotus). Range extensions have been reported for several
species of reptiles recorded in BWs (Davis and Bamford 2005;
Davis and Wilcox 2008; Thompson et al. 2008) and it is likely
that further fauna surveys will document the extension of
the distribution of other reptiles in the region. A review of
the distribution and threats to L. lineata recommended an
urgent re-evaluation of its conservation status, as its long-
term survival is tenuous at best (Maryan et al. 2015). How and
Dell (1989) also suggested the potential for weeds to be a
threat to reptile communities, but no research has been
conducted on this topic in BWs. A recent paper highlighted
the threat posed to reptile populations by anticoagulant
rodenticides (Lettoof et al. 2020).
Birds
Research on BWs bird communities has focused on responses
to fragmentation and urbanisation, fire, and the plant pathogen
Phytophthora cinnamomi, as well as specific studies on the
endangered Carnaby’s cockatoo (Calyptorhynchus (Zanda)
latirostris) and southern boobook (Ninox boobook). Studies
on fragmentation and urbanisation found large variations in the
impact on individual bird species over the past 60 years
(Recher and Serventy 1991; Davis et al. 2013). All species
that had declined or become locally extinct were dependent on
bushland and unlikely to persist in small or isolated remnants
(Davis et al. 2013), with ground foragers disproportionately
represented, perhaps due to weed invasion (Recher and
Serventy 1991). Nectarivorous bird pollinators can
functionally connect some plant species in fragmented
urban BWs, with evidence of widespread pollen dispersal
between remnant and restored B. menziesii populations
(Ritchie et al. 2019). Most bird species recovered
reasonably rapidly post-fire, although one species (western
thornbill, Acanthiza inornata) may have disappeared from
Kings Park (one of the largest urban BWs reserves)
following a fire (Recher 1997), suggesting that fire poses a
threat to some bird communities in isolated remnants (Recher
1997; Davis 2009b). Conversely, in large intact expanses of
BWs, only two species (splendid fairy-wren, Malurus
splendens and yellow-rumped thornbill, Acanthiza
chrysorrhoa) have been found to be affected by fire (Davis
2009a), indicating that fire effects on bird communities may be
somewhat ephemeral in contiguous woodlands (Davis 2009b).
The plant pathogen P. cinnamomi (see ‘Plant disease’ below)
was found to indirectly affect BWs bird communities with
three bird species less abundant and one species more
abundant in diseased sites (Davis et al. 2014). In BWs
north of Perth, 10 bird species dependent on wetland
vegetation have been identified as likely to be affected by
falling groundwater tables due to reduced rainfall and
extraction (Davis 2009b). Several studies found that
C. latirostris use of BWs was related to Banksia seed
availability (Johnston et al. 2019), which peaked in
relatively long unburnt sites (11–30 years post fire) where
P. cinnamomi was absent (Davis et al. 2014; Valentine et al.
2014; Johnston et al. 2016). Pine plantations near Perth have
provided an important food source for C. latirostris since the
1940s (Stock et al. 2013). Demographic models projected
significant declines in the SCP C. latirostris populations
proportionate to the area of BWs and pine plantations
cleared in the future (Stock et al. 2013; Williams et al.
2016, 2017). Birds are also affected by the use of
rodenticides on the SCP, with one study of dead
N. boobook in urban BWs finding that most birds contained
sub-lethal concentrations of anticoagulant rodenticide (Lohr
2018).
Mammals
Research on mammals has focused on fire effects, surveys and
reviews on the past and current status of populations in BWs.
These studies confirm significant losses of mammal species
from BWs, with losses greatest in isolated remnants. Very few
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small to medium-sized ground dwelling mammals remain in
remnants around Perth, and they are largely restricted to peri-
urban areas (How and Dell 2000). However, the Quenda
(Isoodon fusciventer) persists in wetland and riparian areas
of some remnants within the Perth metropolitan area (Howard
et al. 2014) and BWs reserves with wetlands north of Perth
(Wilson et al. 2012).They have also been reintroduced into
several BWs urban and peri-urban reserves within the last
decade (e.g. Ryan et al. 2020). Ground-dwelling mammals,
except for the honey possum (Tarsipes rostratus), were also
found to be scarce in extensive woodlands north of Perth
(Valentine et al. 2009; Wilson et al. 2012), with Boonanarring
Reserve (Fig. 4) supporting most small ground-dwelling
mammals (Moore et al. 2016). A study of the relationship
between mammals and fire found that the introduced house
mouse (Mus musculus), was more abundant in recently burnt
woodlands, whereas T. rostratus were more frequently
detected at sites 20–26 years post fire (Valentine et al.
2009). Species-specific studies have also examined the diets
of the western brush wallaby (Notamacropus irma), and
western grey kangaroo (Macropus fuliginosus), (Wann and
Bell 1997), home ranges of N. irma (Povh et al. 2019) and
ecology of the ash-grey mouse (Pseudomys albocinereus)
(Smith et al. 2019). How and Dell (1989) noted a lack of
information on bats and since this study, there has been very
little research on bats in BWs. However, there has been a new
record of the western false pipistrelle (Falsistrellus
mackenziei) (Hosken and O’Shea 1994) and a radio-tracking
study identified that long-eared bats (Nyctophilus major and N.
geoffroyii) roost primarily in dead Banksia and Melaleuca
preissiana Schauer trees (Hosken 1996).
The research conducted on BWs vertebrates since 1989 has
aided conservation through identifying threatened species and
threats that need to be ameliorated. Urban BWs remnants are
unlikely to support populations of mammals and reptiles in the
long term unless they are functionally connected. This
indicates that the continuing clearance and fragmentation of
BWs remains the primary threat to vertebrate populations and
only large contiguous woodlands are likely to retain
populations in the long term, even for wide-ranging species.
Inappropriate fire regimes remain another threat to vertebrate
populations in remnants and a significant threat in contiguous
woodlands. In 2010, over 60% of remaining BWs in the
Gnangara Groundwater System had been burnt <7 years
previously, and only ~3% had not been burnt in >25 years
(Wilson et al. 2014). Yet long unburnt patches support the
most diverse vertebrate communities, and several species
appear restricted to them (Wilson et al. 2014). Wilson et al.
(2014) concluded that changes to current fire management
practices may assist in maintaining populations of some
vertebrate species.
Falling groundwater tables, through reduced rainfall, and
extraction, also pose a threat to BWs vertebrates, with research
already identifying those species most susceptible to this threat
(Wilson et al. 2012). The dearth of small ground-dwelling
mammals suggests predation is not the sole threat to these
species, with fire, weeds and interactions among threats likely
driving population declines. Research conducted since 1989
has identified much of what is required to conserve BWs
vertebrates. However, ongoing investment in research is
required to address increasing threats (e.g. urban sprawl and
associated human impacts), in an integrated conservation
approach.
Priority research
Research is needed in the following areas:
* The interactions between multiple threats to BWs
vertebrates, including land transformation and climate
change, so synergistic effects can be better understood
and improve our ability to conserve vertebrate populations.
* Understanding traits of species persisting in BWs, particularly
those persisting in remnants.
* Identification of mechanisms underpinning species
responses to fragmentation, and then the development of
strategies to ameliorate fragmentation effects, including the
permeability of the urban matrix to individual species.
* Knowledge of extinction debt in BWs remnants and its
relationships with remnant size, and it would be beneficial
to revisit sites surveyed by How and Dell (2000).
* An examination of the genetic structure of vertebrate
populations, and how this relates to various threats in order
to facilitate the conservation of populations, as well as the
genetic variability they require to adapt to climate change.
* Understanding human–wildlife interactions (including those
related to reintroductions) and ways in which community
support and engagement can be utilised to promote
effective species conservation.
* Investigations of how vertebrates in urban BWs remnants,
especially feral cats, spread diseases.
Plant disease
With the existence of only 30 publications, plant diseases of
BWs were described as a neglected area of research in 1989,
and in need of a systematic survey (Shearer and Hill 1989).
Considerable research has been undertaken on plant diseases in
BWs over the last 30 years. Although other pathogens, such as
Australian honey fungus (Armillaria luteobubalina), have
been recorded in BWs of the Spearwood dune system
(Shearer 1994), the most prolific and serious pathogen is
Phytophthora cinnamomi. Many of the life history
characteristics, survival mechanisms and spread mechanisms
for this water mould have been described (Shearer and Dillon
1996a, 1996b). Other Phytophthora spp. (such as P. multivora)
are now commonly detected within BWs, but comparatively
less is known about their pathogenicity and influence on the
plant community (Scott et al. 2009; Ireland 2011; Barber et al.
2013; Burgess et al. 2017, 2019). Phytophthora cinnamomi
disease centres are more commonly found in deeper soils
where they can alter the root system to provide refugia for
persistence (Hill et al. 1994; Shearer et al. 2010). Colonies
originate from fine roots and spread by water movement,
erosion or anthropogenic or potential animal vector (native
and non-native species) soil movement and root to root contact
(Shearer 1990; Cahill et al. 2008). Phytophthora cinnamomi
may persist indefinitely at infested sites through infected
asymptomatic hosts plants, thick-walled oospores,
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chlamydospores and stromata (Crone et al. 2013; Jung et al.
2013). Soil abiotic factors affect the occurrence of
P. cinnamomi; disease expression is rare on the calcareous,
alkaline Quindalup and Spearwood Dune systems of the SCP
(Shearer and Dillon 1996a) (Fig. 4). However, P. multivora
and other species are detected frequently from these dune
systems and are more tolerant of alkaline soils (Scott et al.
2009). Crushed limestone is used for pedestrian paths in BWs
as it is assumed to reduce the spread of P. cinnamomi. The
higher levels of phosphorus and calcium in the Quindalup
Dunes are thought to promote host defence, although, this is
understudied (Shearer and Crane 2014).
The effects of P. cinnamomi on above-ground biota are
becoming increasingly defined (Shearer et al. 2004). Many
common plant families in BWs are susceptible to
P. cinnamomi, including Proteaceae, Fabaceae, Ericaceae,
Xanthorrhoeaceae, and Zamiaceae, causing mortality by
hydraulic failure, leading to changes in plant species
abundance and community structure (Shearer and Dillon
1996a, 1996b; Kinloch and Wilson 2009). The change in
plant community composition and structure, and potential
localised loss of key species can have flow- on effects for
fauna dependent on specific habitat and food sources (Davis
et al. 2014; Johnston et al. 2016). Fire plays a major role in the
ecological functioning of BWs (see ‘Fire’ below); however,
very little is known about the response to, and potential impact
of, fire on plant diseases (Moore et al. 2014). Moore et al.
(2014) indicated that fire within P. cinnamomi-infested
communities has the potential to increase the severity and
the extent of disease in native ecosystems in the
SWAFR. Predicted climate change in the SWAFR, with
longer drier periods, will potentially increase fire frequency,
which in turn could worsen plant deaths when conditions are
warm and wet (Moore et al. 2014). Managers need to consider
these interactions when developing management strategies.
Increased understanding of the biology and ecology of
P. cinnamomi has enabled tailored management strategies.
Phosphite can be applied as a foliar spray or injected into
the plant stem (typically of trees) and is the most commonly
used control method (Komorek et al. 1997). In addition, the
application of calcium sulphate to soil has been shown to
augment and prolong the effect of phosphite application
(Stasikowski et al. 2014). Management of P. cinnamomi,
not specific to BWs, by the Department of Biodiversity,
Conservation and Attractions (DBCA) has occurred through
aerially spraying of phosphite, for a rapid treatment of plant
communities containing endangered plant species, and in areas
where ruggedness of the terrain makes application by hand
expensive (O’Gara et al. 2005). Some 400 ha of native
woodland and shrubland in south-western Australia have
been sprayed regularly at recommended rates of between 12
and 24 kg ha–1 (Hardy et al. 2001; Barrett and Rathbone 2018).
Phosphite initiates an immune response in the plant and
alleviates symptoms while decreasing the spread of the
pathogen; however, P. cinnamomi is not eradicated (Shearer
and Fairman 2007; Shearer and Crane 2014; Barrett and
Rathbone 2018). The pathogen can, in fact, sporulate from
lesions contained by the immune response initiated by
phosphite (Wilkinson et al. 2001). Fungicide treatments are
infrequently used in natural vegetation with mechanical and
chemical (e.g. glyphosate) vegetation removal being an
effective eradication and containment strategy (Hill 1995).
Vegetation removal, disease suppression (i.e. metalaxyl) and
fumigation (metham-sodium) have been combined to eradicate
spot infestations; though no large-scale methods have been
developed. The increased knowledge about how the pathogen
proliferates and spreads has been helpful in implementing
logistical control methods (Project Dieback 2019). Methods,
such as hygiene washes and restricted movement of soils from
infected areas (Bell 2002; Cahill et al. 2008), have been
developed, yet their effectiveness is debatable as it is very
hard to enforce these measures. Effort is required to ensure all
land users and managers follow hygiene protocols to minimise
spread of the pathogen and other Phytophthora spp. into non-
infested areas. Despite concerns of potential negative long-
term impacts of phosphite application on the abundance of
Phytophthora sensitive Proteaceae species and species
composition (Lambers et al. 2013), a recent long-term
(7–16 years) study of Kwongan sites within the SWAFR by
Barrett and Rathbone (2018) indicated there was no evidence
of adverse effects on Phytophthora sensitive species or change
in species assemblages.
Priority research
Key areas for investigation include the following:
* Whether the effectiveness of eradication treatments in spot
infestations of Phytophthora spp. will result in suppression
or significant spread if not managed.
* Response of P. cinnamomi, P. multivora and the two species
together in their different life cycle stages to varying
climatic conditions and disturbance types.
* Response of flora, fauna, and fungi to the effects of
P. cinnamomi under varying climatic conditions and
disturbance types, such as drought plus heavy summer
rainfall and varying fire frequency and intensities.
* The biology, ecology and pathology of native and introduced
species of Phytophthora present in BWs, their host ranges,
ecological roles and their interactions with P. cinnamomi.
* The response of P. cinnamomi-affected woodlands to
restoration that aims to provide ecosystem services and
functions similar to those before impact. Opportunities exist
to select resistant or tolerant species through seed collection
following impact and reintroduction by tube stockor broadcast
seeding.
* A better understanding of other plant diseases and disease-
causing organisms present in BWs and how they may be
affected by disturbances such as climate change and fire.
Fire
In the 30 years since Hopkins and Griffin (1989) summarised
fire ecology and fire management in BWs, most of the issues
they raised have only become more complex. These include:
substantial expansion of the wildland–urban interface
(Australian Bureau of Statistics 2019); weed–fire
interactions (Fisher et al. 2009b); a drying and warming
climate and the frequency of extreme events (Andrys et al.
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2017). The broad categories of fire science knowledge gaps
identified by Hopkins and Griffin (1989) also remain relevant
today, including:
* Fuel dynamics and wildfire risk in relation to fire history.
* Tolerance of native and introduced species to varying fire
frequency, intensity, and season.
* How fragmentation and altered landscapes influence fire
regimes and management strategies.
Fire management
Fire within BWs is a natural process with evidence of its
occurrence dating back to 2.7  106–2.5  106 years BP
(Hassell and Dodson 2002). Fossil charcoal evidence of
aboriginal use of fire within BWs dates back at least
30 000 years BP (Hallam 2014). Fire occurrence in BWs
remains driven by human activity: based on 12 years of
Department of Fire and Emergency Services data
(2004–2012; excluding 5.5% of fires occurring on public
land), Plucinski (2014) attributed just over 1% of fires in
the Perth metropolitan region to natural causes, (i.e.
lightening or spontaneous combustion), 55% to arson, 30%
to accidents (including 2.5% to escaped prescribed burns), and
14% to unknown causes. The majority of fires occurred
October–April, fires were more likely on weekends
than weekdays and more ignitions occurred under higher
fire danger conditions. Although unplanned ignitions
dominated the number of fires, the majority of area burned
was from planned managed fires (Plucinski 2014).
DBCA’s risk-based framework elaborates bushfire
management objectives across four Fire Management Areas
(FMAs) and 13 broad fuel types (Howard et al. 2020). BWs
are recognised as one of these fuel types, but, noting the
absence of a specific fuel accumulation and fire behaviour
model, the framework adapts the Dry Eucalypt Forest Fire
Model (Cheney et al. 2012) for BWs. Public lands within each
fuel type are classified into four FMAs ‘defined by the primary
intent of fuel management, which is a function of potential fire
behaviour and the type and distribution of assets characteristic
of the area’ (Howard et al. 2020). Based on fuel accumulation
and fire behaviour models, the framework identifies a
threshold fire intensity that precludes effective suppression
action under the 95th percentile fire danger conditions to
derive management objectives within each FMA. These
objectives are expressed as proportion of FMA area with
treated fuels that will not support a head fire of intensity
above that threshold. This results in objectives of 60% for
the Settlement-Hazard Separation FMA (within 1 km of
settlements), and 30% in the Landscape Risk Reduction
FMA within 5 km of private property for BWs (Howard
et al. 2020). Five-year-old fuel is indicated as a
representative intensity threshold for open eucalypt forest,
but Howard et al. (2020) do not provide a value for
BW. If, for example, an indicative threshold fuel age of
8–10 years is used for BWs (following Burrows and
McCaw 1990), objectives would correspond to 13–17- and
27–33-year burn rotations in BWs at 0–1 and 1–5 km from
settlements or private property respectively.
Most DBCA prescribed burning in BWs occurs in spring,
with smaller amounts in autumn, usually aiming for low
intensity fire with minimal canopy scorch and some spatial
patchiness (Densmore and Clingan 2019). The placement of
burns in the landscape addresses strategies both targeting
infrastructure, such as reducing intensity of fire close to
assets (Florec et al. 2020; Howard et al. 2020), as well as
breaking up landscape continuity by developing a matrix of
mixed fuel ages thus creating options to suppress wildfires
under elevated fire weather conditions (Conservation and
Parks Commission 2018).
Fuel dynamics in relation to fire
Fuel loads and structure in BWs are known to be affected by
fire regimes components, such as varying fire interval, this
relationship was recognised in 1989 but with little evidence
available (Hopkins and Griffin 1989). Subsequently, fuel
characteristics and accumulation dynamics of BWs were
described by Burrows and McCaw (1990) who concluded
that BWs fuel accumulation stabilises at ~8–10 years post
fire. This remains the only published study of BWs fuel
dynamics. Fuel dynamics interactions are likely to be
complex. For instance, Ryan et al. (2020) recently showed
that reintroduced digging mammals could have a significant
effect on small-scale fuel distributions. Bioturbation by
mammals may have potential value as a complimentary tool
for reducing litter fuel loads, and potentially, fire risk (Ryan
et al. 2020).
The impacts of longer intervals, weed contribution to fuels,
spatial variation, and the contribution of climate and
groundwater change on fuel dynamics remain unknown.
Owing to the lack of development in understanding fuel
and fire dynamics in BWs, many of the management and
operational mechanisms currently used in BWs have been
imported from other ecosystems (e.g. fire spread models
developed in dry eucalyptus forests are used for BWs
(Howard et al. 2020).
Tolerance of flora to varying fire regimes
Since 1989, several studies have investigated the tolerance of
native BWs plant species to varying fire regimes. At least a
quarter of native species are fire-sensitive, obligate seeders
(Pate and Bell 1999; Mickle et al. 2010), with the slowest
maturing species (from a sample of conservation priority taxa)
taking between 4 and 7 years to reach maturity and 8 and
16 years to reach an age where a sufficient seed bank has
accumulated for population persistence (Wilson et al. 2014),
and therefore interpreted as vulnerable to shortened fire
intervals. Season of fire effects have also been
demonstrated, with fire in the wet winter–spring period
shown to have negative effects on germination (Roche et al.
1998; Tangney et al. 2019), seedling recruitment (Hobbs and
Atkins 1990; Roche et al. 1998), and post-fire flowering
(Bowen and Pate 2004) for some species. Studies of
population recovery following a high-intensity summer
wildfire found that some resprouting plants are capable of
regenerating within a few months of fire, before the wet winter
period, and that smaller Banksia individuals are less tolerant of
high-intensity fire than larger individuals (Bell et al. 1992;
Miller et al. 2020). Densmore and Clingan (2019) found that
higher intensity fire (wildfires) resulted in reduced Banksia
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tree survival and cone production relative to lower intensity
fires (prescribed burns) within the same season. With the
diversity of plant species and fire response types present in
BWs (dominated by serotinous tree species like B. attenuata
and B. menziesii and a wide range of resprouting and obligate
seeding understorey species), and the effects of varying site,
pre- and post-fire conditions, and fire event attributes, there
remains much to be understood regarding the tolerance of
native BWs species to varying fire regimes. Assessing
demographic change in plant populations following fire is
likely a particularly useful approach to this problem as it
provides a mechanistic understanding of patterns of change
(Miller et al. 2019; Tangney et al. 2020a).
Tolerance of fauna to varying fire regimes
Faunal research in relation to fire has focused on vertebrate
food resources (especially for large parrots), structural habitat
features, or indices of reptile and frog abundance (Bamford
1992; Valentine et al. 2012, 2014; Davis and Doherty 2015).
Substantial gaps remain in understanding fire impacts, and
how they vary by fire type (i.e. prescribed burn v. wildfire,
varying season of fire and interval) for native fauna. For
example, Valentine et al. (2014) investigated fruit
production of the two most common Banksia tree species, a
key food resource for endangered black cockatoos (primarily
Carnaby’s cockatoo) across a time since fire chronosequence,
finding that 20–35-year-old sites supported maximum fruit
production. Densmore and Clingan (2019) showed that
varying fire intensity also has significant consequences for
the availability of woody fruits, which serve as cockatoo food
resources, with severe wildfire depleting this resource
substantially, whereas low severity prescribed burns have
negligible impacts.
Effects of an altered and fragmented landscape
Several studies show that alteration and fragmentation of BWs
can influence the fire regime through diverse pathways,
including by altered herbivore density – total grazing
pressure (Brown et al. 2016), weed invasion, and isolation
of remnants (Ramalho et al. 2014). Ramalho et al. (2014)
studied BWs remnant condition in 30 reserves in the Perth
region, revealing interactions involving fire. They found that
fire was most frequent in large remnants and in areas with
greater human activity, and that native woody plant species
richness was associated with higher fire frequency in these
reserves (Ramalho et al. 2014).
Non-native species, especially grassy weeds, are known to
increase with fire occurrence in BWs (Milberg and Lamont
1995; Ramalho et al. 2014; Brown et al. 2016). Ehrharta
calycina (see ‘Floristics and weeds’) is recognised as a key
contributor to this grass-fire cycle in BWs. Repeated
prescribed burning in Kings Park (a large urban BWs
reserve) during the mid-20th century was implicated in the
shift from shrub-dominated to invasive-grass-dominated
understorey vegetation by Crosti et al. (2007). Ehrharta
calycina and other grassy weeds produce abundant seeds,
germinate under a wide range of conditions, and, while
many seeds may perish under wildfire temperatures, some
are always sufficiently buried to survive (Smith et al. 1999;
Fisher et al. 2009a). Prevalence of invasive plant species has
been found to increase in long-isolated reserves regardless of
fire history or greater rabbit abundance (Ramalho et al. 2014;
Brown et al. 2016), specifically in areas that experience low
soil heating during fire (Tangney et al. 2020b). Several case
studies demonstrate the efficacy of weed management (i.e.
herbicide application) immediately post-fire in constraining
weeds and promoting native vegetation (Brown et al. 2016).
Native herbivore interactions with fire, either by reducing fuel
loads or reducing post-fire vegetation recovery, have also been
identified (Brown et al. 2016; Ryan et al. 2020). Further work
is required to understand the extent of these interactions.
Priority research
Many issues raised by Hopkins and Griffin (1989) regarding
fire ecology and management remain relevant today. In
particular, the development of a BWs specific fuel
accumulation and fire behaviour model and an understanding
of the effectiveness and impacts of prescribed burning on both
wildfire risk and biodiversity values requires the following:
* Fuel dynamics and variation according to fire history, spatial
extent of BWs and changing climate conditions.
* Explicit description of fire behaviour and a model suitable to
predict fire behaviour in BWs.
* The role of environmental variables (including varying weed
cover, total grazing pressure, digging animals, climate, and
soil types) on fire responses, fuel characteristics, fire
behaviour, and wildfire risk.
* Quantification of the grass–fire cycle, including its impacts
on wildfire and native biodiversity, and documentation of
effective management options that interrupt this cycle.
* Integration of fire science, fine-scale meteorology and remote
sensing, and human health impacts to reveal potential trade-
offs in differing fire management strategies.
* Detailed species traits and responses to varying fire regime
elements, including:
* fire season, including effects of burning in various seasons,
* fire intensity,
* fire interval (or frequency), and
* fire patchiness under different conditions.
* To support land managers in avoiding unwanted fire effects,
research incorporating interactions between all of these
elements, which is complex and largely unstudied, is required.
Mining and restoration
The focus of mining-related activities in Gozzard and Mouritz
(1989) was on the method of extraction and quality of
limestone and sand resources. The use of extracted
resources at the time was largely for local housing and
infrastructure development and exports of sand for glass
production (Gozzard and Mouritz 1989). Following mining,
pits were converted to landfill waste disposal and suburban
development areas, with some rehabilitated to native
vegetation. However, little attention in the review was
given to post-mining restoration practices. Since 1989, there
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has been a significant increase in the mining of base raw
materials (BRM) occurring in areas that support BWs
(e.g. sand, limestone, clay, hard rock and gravel
aggregates). Increases in BRM demand are mainly driven
by Perth’s population increase with concomitant urban
development. It is estimated that an average dwelling and
supporting infrastructure in the Perth region requires ~663
tonnes (Mg) of BRM including 151 Mg of hard rock, 255 Mg
of sand, 102 Mg of clay and 155 Mg of limestone (Western
Australian Planning Commission 2012). Deposits of BRM
were thought of as abundant in 1989 (Gozzard and Mouritz
1989). However, a recent analysis showed the occurrence
of economically viable deposits is limited, increasingly
constrained by environmental and land-use considerations
(Western Australian Planning Commission 2012).
Since 1989, research on BWs restoration following
mining has increased dramatically, resulting in the
publication of a book devoted to BWs restoration (Stevens
et al. 2016). The conservation of intact woodlands is critical to
maintain ecosystem function and habitat, especially for rare
and endangered flora and fauna. However, continuous
degradation over the last 30 years has made restoration
efforts more critical than ever.
Broadly speaking, the restoration requirements of
individual mines depend upon the type of mining (e.g. hard
rock pit voids v. sand strip mining), the nature of the
surrounding environment (e.g. urban v. intact woodland),
and the agreed-upon post-mining or next land-use (based on
land-use hierarchies, and agreed-upon completion criteria).
Restoration typically comprises designing and reconstructing
appropriate landforms, spreading of topsoil, and additional
seeding and planting where required. Large advances have
been made in the efficacy of post-mining restoration efforts in
the last 30 years, which has aided post-pine, post-agricultural and
greenfield land restoration, though large gaps in knowledge still
exist and efficiency of efforts requires improvement.
Soils
Post-mining environments can be challenging to restore
because of extreme changes in abiotic and biotic conditions
(Stevens et al. 2016). In the past two decades, advances in soil
profile reconstruction and topsoil transfer practices have
substantially improved the quality and quantity of plant
species restored (Stevens et al. 2016; Waryszak et al.
2021). Mineral sand extraction is a common mining activity
in BWs where 5–50-m dunes are mined to within approximately
four meters of the water table (Rokich 2016). This extreme
alteration in soil profile leads to multiple problems for
restoration, the most critical of which is a hardening process of
the subsurface soil layer that constricts plant root development
(Rokich et al. 2000, 2001; Benigno et al. 2013). Soil
reconstruction using various sand materials before
redistributing topsoil, such as soil ripping (Rokich et al. 2001)
and the application of organic subsurfacemulches (Benigno et al.
2013) have been found to improve seedling survival.
Appropriate handling of topsoil is arguably the most
important ingredient for the successful establishment of
BWs because of many species having topsoil-stored seeds
(Rokich et al. 2000; Fowler et al. 2015). Specifically, the depth
at which topsoil is stripped and redistributed across post-mine
sites and the timing of transfer have a large effect on both the
richness and abundance of species that can establish from seed
stored in the topsoil (Rokich et al. 2000). The quality of topsoil
utilised is also critical to native seed persistence. A high
occurrence of seed from invasive species in topsoils may
lead to highly competitive environments that result in
increased native seedling mortality (Fisher et al. 2009b).
Seeds and seed technology
Significant advances have been made in seed, collection,
handling, storage, and usage techniques and technologies,
spurred on by the demand for seeds for mine site
restoration. Fundamental to the increased effectiveness of
seed has been the ability to release seed dormancy and
stimulate germination at much higher rates than previously
possible. Early research into the seed germination ecology of
BWs species provided insights into the effects of temperature
and light on germination (Bell et al. 1993, 1995). In the 1990s
investigations into the role of smoke in stimulating
germination (Dixon et al. 1995; Roche et al. 1997)
culminated in research establishing and identifying an
active chemical contained within smoke responsible for
germination stimulation, karrikinolide (Flematti et al. 2004).
Karrikinolide was identified as a predominant chemical
responsible for promoting germination in a wide range of
native and introduced seeds (Flematti et al. 2004; Dixon
et al. 2009) with other chemicals now identified for other
specific families within BWs (e.g. organic compound
cyanohydrins – Haemodoraceae) (Flematti et al. 2013).
Similar advancements have been achieved in understanding
germination of seeds of BWs species that require specific
treatments to break dormancy and promote germination (Bell
et al. 1995; Roche et al. 1998; Bell 1999; Turner et al. 2006;
Merritt et al. 2007). For example, dry heat is used to release
dormancy in the iconic red and green kangaroo paw
(Anigozanthos manglesii D.Don) (Tieu et al. 2001). Similarly,
stratification (Turner et al. 2006), and wetting-drying cycles
(Baker et al. 2005) have been found to improve seed germination
rates of multiple species. Using this information, seed may be
treated for dormancy and used in tandem with topsoil transfer
efforts that occur at broad-acre scales (Stevens et al. 2016)
Challenges remain with regard to germinating seeds of
some of the important understorey species in BWs because
of dormancy-breaking requirements that are still unclear.
Reliable methods of dormancy-breaking are yet to be
established for species of Ericaceae (those that disperse
seeds encased in woody, indehiscent fruits), Cyperaceae,
Restionaceae, and Rutaceae (Merritt et al. 2007).
Restoration genetics
Prior to the 1989 review, genetic issues of relevance to BW
restoration were largely unknown. An appreciation of these
issues began with the development of restoration ecology as a
strong scientific discipline from the early 1990s (Bradshaw
1993). This coincided with the development of genetic
markers which increased the understanding of genetic
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variation and its spatial structuring among populations within
species (Linhart andGrant 1996). Today, restoration genetics is a
mature scientific discipline concerned with researching and
understanding genetic issues potentially affecting the practise
of ecological restoration (Williams et al. 2014; Mijangos et al.
2015). A key issue is seed sourcing, with implicit
acknowledgment that natural selection is the primary
selection pressure that leads to genetic differentiation, and
assumptions that local seeds are best adapted to the local
restoration site (Hufford and Mazer 2003). To investigate
how local is local, genetic markers have been used since
2000 to generate genetically informed seed sourcing
guidelines for many SCP species (Krauss et al. 2013;
Krauss 2016). Recent investigations into adaptive genetic
variation has facilitated the assessment of genetic resilience
to environmental stressors. By detecting selection and
adaptation-related candidate genes, the role of genetic
diversity in buffering BWs species against the effects of
climate change (He et al. 2016), and the environmental
drivers in trait differentiation within and between species
(He et al. 2019), may be revealed. Recent ecological
genetic studies have also confirmed the return of pollinator
services and reproductive functionality in post-mining
restoration populations of Banksias (Ritchie and Krauss
2012; Frick et al. 2014), as well as the genetic integration
and connectivity with nearby remnant populations (Ritchie
et al. 2019).
Priority research
Research is required in the following areas:
* Develop a complete understanding of what processes
(physical, chemical and biological) are driving subsurface
soil hardening in post-mining restoration sites.
* Determine the conditions for the successful germination and
establishment of the many species within BWs that are
unknown.
* Investigate and develop seed enhancement technologies to
maximise seed use for restoration of BWs (e.g. Brown et al.
2019).
* Refine best practise seed-sourcing guidelines using
provenance trials to test if ‘local-is-best’, or whether there
are benefits from implementing a climate-adjusted
provenancing may prove more successful with expected
climate change (Prober et al. 2015).
* Investigate new opportunities that exist from the rapid
development of high-throughput DNA sequencing
technologies. These include rapid and comprehensive
eDNA assessment of above- and below-ground biological
communities (e.g. soil biota) pre-and post-restoration, as
well as gene expression analysis for assessment of genetic
resilience to environmental stressors of targeted plant species
or communities.
* Identify faunal species that passively recolonise restoration
areas to identify species that will, and will not, benefit from
restoration activities.
* Develop techniques to move towards holistic restoration of
BWs that specifically facilitates the recolonization of soil
biota and fauna, particularly keystone and threatened species
and those critical for ecosystem services (e.g. pollinators).
Urban development
In 1989, Poole (1989) correctly predicted that Perth would
grow immensely and that regional planning strategies would
be unsuccessful at containing urban sprawl (Table 1; Fig. 1).
The Perth and Peel metropolitan regions currently extend over
130 km along the coast and may reach 170 km by 2050 (Weller
2009). Indeed, Perth has the lowest population density of any
mainland capital city in Australia with 1000 people km–2 (by
comparison Sydney has 1900, Melbourne 1500, and Adelaide
1300) (Hunn 2017). In 1989, Perth had a population of
~0.9 million people. The city was one of the fastest
growing in Australia with an annual growth rate of 3% in
the late 1980s that declined to 1.4% in the early 1990s
(Australian Bureau of Statistics 1996). Projections at the
time indicated that the city would reach 1.9 million people
by 2021 (Poole 1989); however, Perth’s population attained
over 2 million in 2018 (Australian Bureau of Statistics 2019).
Perth has had five main planning strategies since 1990,
which have tried to address urban sprawl and the need for a
coordinated regional open space system. In 1990, the
Metroplan (Department of Planning and Development
1990), proposed a regional parks network for conservation
and recreational use in the Perth metropolitan area
(MacCallum and Hopkins 2011). The parks network was
established in law and vested in the Conservation
Commission of Western Australia in 1997 with an emphasis
on the protection of the Swan River and Darling Scarp
(Fig. 1b). Metroplan was the first Perth plan to specifically
identify the importance of protecting urban green spaces,
mainly in terms of the benefits to people nearby (Pauli and
Boruff 2016). In 2000, the Bush Forever Project was endorsed
for bushland protection and management on the coastal plain
portion of the Perth metropolitan region (Davis and Harford-
Mills 2016) (see the ‘Floristics and weeds’). Similarly, the
Network City Plan (Western Australian Planning Commission
2004) anticipated significant population growth (MacCallum
and Hopkins 2011), and again encouraged a more compact
urban form. Importantly, it introduced an urban growth
boundary and 60% infill target for new housing (Curtis
2006). Released in 2010, Directions 2031 (Western Australian
Planning Commission 2010) followed the spirit of Network
City Plan, although it reduced the infill target to 47% and
expanded the planning area to include the Peel region.
Some large BWs areas have been secured within the Perth
metropolitan area regional network established in 1997
(e.g. Jandakot, Beeliar, Canning River and Yellagonga
Regional Parks, Fig. 4). Ramalho et al. (2013) identified that
several Bush Forever sites remain outside the conservation
estate and that, in order to further protect remaining BWs
FCTs, especially those in the northern section of the
metropolitan region, they should be placed in the conservation
estate.
The form and distribution of public open space (POS) in
urban developments also requires consideration (Bolleter
2017). One key rule currently determining the proportion of
land released per development to be set aside for POS has been
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inherited from the Stephenson and Hepburn (1955) plan. This
plan suggested a minimum area of developable land (10%)
should be allocated to POS for recreational purposes, based
on the number of people the POS was intended to serve.
However, biodiversity conservation was not considered in
the establishment of these development rules. At the same
time, suburban areas are based on the ‘Liveable
Neighbourhoods’ design code which calls for the creation
of smaller, but more accessible parks (Western Australian
Planning Commission 2007). The trade-off of park size
against accessibility makes many of these parks too small
to support self-sustaining BWs (Ramalho et al. 2014).
Finally, it is important to model the integration of
conservation and reserve planning scenarios with alternative
growth patterns to optimise protection of BWs. Urban
development in Perth typically follows the dispersed sites
(sprawl) and transportation-corridor (strip) models which
according to Forman (2010), cause extensive degradation of
natural areas. Some of strategies and scenarios to integrate
conservation and planning could include securing land tenure
for remaining BWs, directing development towards already
cleared areas (introduced pine plantations, abandoned
agricultural lands), and steering development towards higher
density, more connected communities requiring less land and
physical infrastructure. Bolleter (2016) suggested alternatives
to the current infill approaches, such as transit-oriented
development and small scale, ad hoc ‘background’ infill to
deliver Perth’s infill development targets and increase
suburban amenity. Background infill refers to small infill
development projects that yield fewer than five group
dwellings, and result from the subdivision of individual
suburban lots (Department of Planning and Western
Australian Planning Commission 2014). Alternatives to this
infill include residential densification around redesigned,
ecologically enhanced urban parks in inner and middle ring
suburbs (Bolleter and Ramalho 2014).
Priority research
Research is required in the following areas:
* Model the integration of conservation and reserve planning
scenarios with alternative growth patterns to optimise
protection of BWs. Analyse the growth patterns of the
dominant urban development types outlined in Bolleter
(2018) for use and application in Perth.
* Research strategies and scenarios to include securing land
tenure for remaining BWs, directing development towards
already cleared areas.
* The development of alternative strategies for achieving
urban densification in Perth’s existing suburbs that are
reconciled with suburban lifestyle aspirations of both
existing and future residents.
* Overcoming social and environmental barriers (and
identifying enablers) for expansion of BWs flora into
streetscapes and urban landscaping as a coordinated
approach across the Perth metropolitan area.
Interactions
Ecological systems are complex, with many factors being
influenced by changing climate and land management
practices. Many interrelated processes and relationships
exist among biotic and abiotic components of BWs
occurring across a range of scales, from the small-scale
(metre) interactions between plant species and invertebrates
(discussed in Lamont 1989) to large scale (kilometre)
processes, such as the breakdown in pollinator networks
due to land fragmentation. A key example in BWs is the
interaction between weeds, native species and fire. Land
clearing can adversely affect native species diversity and
promote weed invasion because of increasing areas of
disturbance, fragmentation of habitat (edge effects, Fig. 5)
and increased presence of weed species decreases the
likelihood of persistence of many native species (Standish
Structural changes
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Fig. 5. Banksia woodlands interactions diagram demonstrating the grass–fire cycle.
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et al. 2012; Stanbury et al. 2018). The relationship between
weed species and fire also provides a challenge to the
maintenance of native species assemblages. Fire can have a
negative or positive effect on weed invasion and
establishment: some weeds species are supressed or killed
by fire, while other weed species benefit from fire (see
‘Floristics and weeds’). Increased weed growth following
fire can also increase the continuity and availability of fuels
for future fires, driving a positive feedback loop of frequent
high-intensity fires in a weed dominated state (grass-fire cycle
Fig. 5, see ‘Fire’). Weeds on the SCP are also found to modify
soil nutrients within BWs (see ‘Floristic and weeds’). BWs
vegetation has adapted to the nutrient poor soils of the SCP,
and Fisher et al. (2006) demonstrated how the introduced weed
species, E. calycina and Pelargonium capitatum (L.) Aiton
significantly increase soil nutrient content, which further
decreases the competitive ability of native plants.
The positive feedback of fire and weed invasion is
detrimental to native plant structure and faunal communities
associated with the floristic community (see ‘Vertebrates’ and
‘Invertebrates’). Many BWs plant species are also sensitive to
changes in climatic conditions, such as increased occurrence of
heat wave events (Ruthrof et al. 2018) and severe droughts
(Challis et al. 2016). The impacts of climate change other than
increased fire frequency (e.g. heatwaves and drought) are yet
unknown for invasive weed species in BWs. However,
increased stress on native plant populations will likely
provide greater opportunity for weed species invasion if
they are tolerant to changes in climatic conditions.
Subsequently, the replacement of BWs plants with weed
species could lead to further faunal reductions, through loss
of habitat (Davis et al. 2013, 2014; Mason et al. 2018b, 2019)
and food resources (e.g. (Valentine et al. 2014; Mason et al.
2016).
Future directions
In addition to key priorities for research set throughout this
paper (and in Table S1 in the Supplementary material), the
increase of existing pressures and new challenges will drive
the need for continued research on the ecological functioning
and structure of BWs and their associated species into the
future. Here we outline the anticipated future landscape and
the necessary policy and practice to support research,
conservation and management of BWs.
A major challenge not acknowledged in 1989 is climate
change, affecting both the abiotic conditions and biotic
responses in BWs. By 2030, rainfall is predicted to decline
a further 6% over the south-west of Western Australia and
the annual number of days above 35C to increase from 28
(1971–2000) to 36 (Department of Water and Environmental
Regulation 2019). The regional impacts of climate change may
also be exacerbated by local scale changes, driven by land use
change, such as the heat island effect that occurs due to
conversion from vegetated ecosystems to hard surface
developments (MacLachlan et al. 2017). New developments
in the Perth region have lower percentage canopy cover of
trees and higher percentage cover of hot reflective surfaces
(Fig. 1, 6), which may adversely affect inhabitants (Duncan
et al. 2019). When urban temperatures are high, inhabitants
utilise air conditioners and refrigerators at higher capacity,
increasing energy costs and exacerbating heat island
effects.
Higher density housing will be an essential component of
future growth plans that account for both a growing population
and conservation of BWs in Perth (Fig. 3). The incorporation
of biophilic and environmental sensitive design in plans for
urban development will likely contribute to reductions in heat
island effects. Perth has a vision to be a leading waterwise city
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Fig. 6. Data extracted from Gorelick et al. (2017) for local government areas based on current boundaries for percentage change in vegetation cover
between 1989 and 2019, urban or industrial cover percentage change between 1989 and 2019 derived from, current human population in 2019 and
population forecast for 2041 (https://www.forecast.id.com.au) of two northern cities Joondalup, Wanneroo, and southern cities Mandurah and Cockburn in
Western Australia.
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100% of government-led urban development in Perth and Peel
will be waterwise by 2030, working with local governments to
reduce irrigation rates and adopt water-sensitive urban designs
to account for a growing population (Department of Water and
Environmental Regulation 2019). Conserving and protecting
BWs from conversion to open-use green spaces will help to
reduce water usage and increase recharge.
Alterations in species composition (Scholze et al. 2006;
Forbes et al. 2018) and extinctions (Yates et al. 2010) are
likely to occur due to changing climate, which means BWs
floristics and faunistics are likely to shift over time, which in
turn would affect local FCT classification, regional FCT
distributions, conservation assessments and protection (Boitani
et al. 2015). These challenges are intensified by the pressure of a
growingurbanenvironment (Fig.1,6;Table1).Toprevent further
biodiversity loss, we require knowledge of how, when and why
these shifts occur within this ecological community (Saunders
et al. 2020). Therefore, strengthening the current and future
reserve systems to protect the full complement of BWs
biodiversity and their key sustaining processes is critical.
Conserving small patches and remnant vegetation that may be
perceived as insignificant can provide a larger landscape matrix
through which to optimise the retention of biodiversity and
functionality of the ecological community (Wintle et al. 2019).
Further, it is important that adequate resources are available
for ongoing research and management of existing reserves in
urban areas where they are particularly vulnerable to altered
fire regimes, weed invasion, disease, incursion by feral
predators and herbivores, and human disturbance.
Extensive restoration and rehabilitation will be essential in
the coming decades to conserve BWs. In 1989, ‘restoration
ecology’ was not yet a discipline (Young et al. 2005). Since
1990, considerable research in conservation has progressed
hand-in-hand with a need to restore the ecological function
of degraded BWs. Ongoing research and implementation of
ecological restoration (Stevens et al. 2016) and reintroductions
of fauna are also critical for returning areas of BWs following
clearing and maintaining ecosystem processes in disturbed
BWs (Ritchie et al. 2019; Ryan et al. 2020). Although
much progress has been made in re-establishing BWs,
technological advances in large-scale biodiverse restoration
are vital to the development and achievement of successful
ecological restoration in order to compensate for clearing.
Environmental offsets are a key policy instrument that has
become prominent recently, and are particularly relevant for
BWs because ongoing urban development has been a major
cause of woodland loss on the SCP (Thorn et al. 2018). Offsets
policy aims to assess development proposals in relation to their
likely effect on biodiversity and the potential to avoid, mitigate
or offset this loss. Offset schemes require developers to invest
in other actions that compensate for the losses caused by
the developments after successfully and comprehensively
implementing the mitigation hierarchy (Maron et al. 2012).
Offsets are supposed to be instituted only when all other
options to avoid and reduce adverse environmental impacts
have been exhausted. In Western Australia, 39% of offsets
studied by May et al. (2017) were considered effective in
delivering their planned outcome, with authors concluding that
although there have been recent efforts to advance offset
implementation and effectiveness, there is need for further
improvement. The 2016 Federal Register listing of BWs
(Commonwealth of Australia 2016a) and its identification
as habitat for species listed as Threatened nationally such as
Carnaby’s cockatoos, are important factors strengthening the
need for protection of BWs.
The public now and into the future will play a large role in
protecting and conserving BWs. The ecological community is
of great significance to many locals, including the indigenous
inhabitants of the SCP, the Noongar people, and their language
groups. In 1989, Hopper and Burbidge (1989) concluded
‘. . .few would consider these communities (BWs) to be of
serious conservation concern’. In 2017, Perth residents
actively protested a development that would have cleared
substantial BWs and wetlands, bringing about publicity of
BWs, Beeliar wetlands and Aboriginal heritage sites and their
protection in Perth (Gaynor et al. 2018). If we ‘care for
Country’, and place significance on this unique ecological
community, we are more likely to secure what is left for future
generations. ‘Place’ narratives are a central part of Australian
Indigenous culture and knowledge, and the significance of
place is critical to Aboriginal people’s health and wellbeing
(Kingsley et al. 2013).
Studies have shown that sights of nature, or proximity to
nature and greenspace is important for health and mental
wellbeing for all people (Zylstra et al. 2014; Wood et al.
2017). Thus, the need to demonstrate the nature of BWs and
the value they add to society remains as critical now as it was
in 1989. ‘Nature’ can be reframed, not as a problem or
constraint to urban infrastructure, but as an asset that can
be utilised to improve the urban context by incorporating the
principles of biodiversity sensitive urban design. Human
health within sustained urban growth is dependent upon a
healthy natural environment, and carefully planned development,
utilising sound scientific, social and traditional knowledge can
incorporate increasing human populations while conserving the
natural environment and minimising impacts on our threatened
ecological communities.
Australian cities are known to support more nationally
threatened animal and plant species than non-urban areas
throughout Australia (Ives et al. 2016). However, our cities
continue to expand, with state governments reporting that
greenfield development rates account for ~20% of growth in
Sydney, 30% in Melbourne and as much as 70% in Perth
(Infrastructure Australia 2019; University of NSW City
Futures Research Centre Astrolabe Group 2019). Banksia
Woodlands provide vital habitat for numerous species of
which over 20 are nationally Threatened (Commonwealth of
Australia 2016b). Perth is predicted to grow to 3 million by
2050 and 6.6 million by 2061 (Australian Bureau of Statistics
2018), potentially meaning an increase of 1486 km2 of suburban
area (Bolleter 2015), further increasing pressures on already
threatened species.
The utilisation of scientific research will be critical for
informing the environmental protection of BWs while
balancing and managing the competing land uses on the
SCP. The policy environment within which BWs
conservation and management operates is complex, with
relevant policies and regulations at local, regional, state and
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federal levels, covering woodlands on private and public lands.
Policies relate to woodland protection, management, fire,
weeds, and particular species conservation concern.
Therefore, there is an ever-greater need for scientists to
work as part of cross-disciplinary efforts and with diverse
stakeholder groups to protect this ecosystem from further
declines.
This review has brought together a diverse group (in terms
of both age and gender) of individuals from multiple agencies
and universities as the new generation of ecological
researchers currently working in the conservation and
management of these woodlands. The challenges faced and
the knowledge necessary to overcome them requires a
transdisciplinary approach and we recognise that in going
forward a greater diversity of people and perspectives need
to be included in the discussion and research of BWs,
specifically greater communication among researchers,
local, state and national government agencies, non-
government organizations, community and Noongar people,
and private businesses. Given the last 30 years of urban
growth, BWs now require an urban ecology perspective,
involving a greater variety of stakeholders from differing
cultural, ethnic and professional backgrounds. Continued
funding in research is necessary to better anticipate
emerging processes threatening the environment and,
through the integration of science into adaptive
management programs, lessen their impact. Greater
investment allocation to on-ground management agencies is
required to effectively integrate scientific knowledge gained
and implement management programs to restore, conserve and
maintain remaining remnant BWs areas.
Conclusion
Following the federal 2016 TEC listing of BWs
(Commonwealth of Australia 2016a), clear strategies need
to be developed and applied in order to overthrow the
predictions made in 1989 of ‘total destruction or near
destruction plus degradation of the remnants’ (Burbidge
1989). We suggest the priority research areas that we have
derived from the BWs studies reviewed here will be integrated
into research aimed at sustainable nature conservation
alongside sustainable population growth in one of
Australia’s fastest growing cities. Gaining accurate data on
an ongoing basis will provide the evidence required to better
understand impacts, such as from climate change. Effective
information transfer between research, management and
policy development would facilitate effective conservation.
This review brought together researchers from a range of
institutions and scientific disciplines. However, to preserve
BWs and the species this ecosystem supports, a greater
diversity of professionals and stakeholders including
community groups need to be engaged in discussions about
appropriate ways forward for conservation, management and
restoration efforts so that the growing city of Perth and BWs
may coexist. Our hope is that this review serves as a
foundation for future collaborative efforts between a greater
diversity of research, management, community organisations
and planning entities. Preservation of these unique ecosystems
and their associated species is dependent on scientifically
informed management in conjunction with novel approaches
to accommodate a growing human population.
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